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DIURNAL  FREEZE- THAW’  ^RECUENCTIS  IN  THE  HIGH  LATITUDES : 

a  tlimatqlcgical  guide 

Ruth  L.  Sexier 

J.3.  Armv  Corps  or  Engineers 
-J.  5.  Army  Engineer  Topographic  Laboratories 
fort  3elvoir,  Virginia  12060  ISA 

This  study  provides  relatively  ample  climatological  moaeis  for  determining  the 
incidence  or  frost  days  minimum  daily  tamDerature  c  0°  G) ,  ice  lays  maximum  tally 
temperature  <  }°  0)  and  freeze-thaw  davs  minimum  daily  temoerature  *  2°  1,  maximum 
laiiy  temoerature  >  j°  C)  througnout  Iceland , Greenland ,  Alaska,  and  E.  Siberia.  noth 
area  and  station  models  yield  estimates  of  the  frequency  of  ciurnai  freeze-thaw  -vc.es 
per  month  or  year.  The  various  models  demonstrate  the  relations n its  between  bail v 
freezing  conditions  and  the  different  temoerature  regimes.  The  results  should  improve 
maerstanaing  of  ?erigl.acial  ictivitv  iuq  provide  a  means  :f  orenictir.g  possible 
climatic  effects  on  me  ronstruction  of  buildings,  roads  anc  liroort  runways. 


INTRODUCTION 

The  .moact  of  diurnal  freeze-thaw  cycles  on 
soils,  roexs,  roadbeds,  and  construction  materials 
ls  of  much  concern  to  the  agriculturist ,  hvdro- 
logist,  geologist,  and  transportation  or  con¬ 
struction  engineer.  As  noted  by  Troll  (1953), 
such  alternation  of  freezing  and  thawing  not  only 
affects  the  particular  size  structure  of  the  soil 
out  also  causes  erosion,  runoff,  or  flooding  and 
reduces  the  bearing  strength  of  the  surface 
layer.  The  vulnerability  of  the  ground  aepends, 
among  ocher  variables,  on  the  amount  of  available 
moisture  and  wnecher  "he  ground  is  bare  or  is 
covered  with  vegetation,  ice,  or  snow. 

The  surface  covering  affects  the  albedo  which 
in  turn  is  largely  responsible  for  local  dif¬ 
ferences  in  extreme  temperatures,  that  is  the 
daily  maximum  and  minimum,  the  determining  factors 
of  daily  freeze-thaw,  Daily  freezing  conditions 
may  o*  defined  as  consisting  of  frost  davs 
'min  4  )°  I),  ice  days  ’max  *  0°  C),  and  freeze- 
tnaw  days  min  *  3°  C,  max  >  0°  C) .  The  inter¬ 
relationship  among  these  three  variables  forms  the 
oasis  of  this  study.  The  principal  question  is: 
Vhat  Incidence  of  diumal  freeze-thaw  cycles  nav 
oe  expected  at  a  given  sice  per  given  interval  of 
time  ? 


This  paoer  presents  Information  on  daily- 
freezing  zondicions  In  the  oermafrosc  and  con¬ 
tiguous  regions  of  Iceland,  Greenland,  Alasxa,  and 
E.  Siberia.  Also  included  are  several  West  German 
stations  representing  a  range  of  elevations  for 
tne  tomoanson  of  the  effects  of  altitude  wich 
tnose  of  latitude,  as  in  an  earlier  seudv  ov 
lexier  (1982),  a  number  of  guides  are  offered  far 
estimating  the  respective  frequencies  of  frost 
days,  ice  lavs,  and  freeze-thaw  days  per  month  or 
year  for  any  given  site  from  routine  climato¬ 
logical  parameters. 


BACKGROUND 

The  geographical  distribution  of  the  annual 
number  of  diurnal  freeze-thaw  cycles  has  been 


lecermned  for  various  tour.tries  or  sections: 
Cnirea  State?,  Tar.ad3,  Poland,  iaoan,  the  Arctic, 
Eurooe,  and  the  L'.G.i.R  (  Eraser  1959  ,  Hastings 
1961,  Hershfield  1972,  Pel) to  1970,  Russell  1943, 
Shitara  1970,  Visher  1945,  Vexier  1982,  Williams 

1964) .  Annual  or  monthly  freauencies  of  frost 
days,  ice  cavs ,  ana  freeze-chaw  lays  nave  oeen 
correlated  respectively  with  mean  dai-v  mir imum 
temperatures,  mean  daily  maximum  temperatures,  ana 
a  combination  of  both  ’Fraser  1959,  Hershfield 
1972,  Shitara  1970,  -exl^r  1982). 

DATA 

Frequencies  of  diurnal  freeze-thaw  cycles  are 
not  readily  available.  Many  climatic  summaries 
list  frost  days,  but  few  List  ice  days.  In  the 
past  information  on  freeze-chaw  cycles  has 
sometimes  been  simulated  (Hastings  1961,  Visher 
1945).  In  this  oaoer,  all  the  analyses  are  based 
on  actual  observations  of  frost  davs  and  ice  davs, 
the  data  for  vni ch  -ere  obtained  from  a  variety  of 
sources,  mainly:  the  ’J.S.  Department  of  Commerce 
(1980),  the  Danskce  Meteorologist*  Institute  1947- 

1965) ,  and  J.i .  .Air  Force  Environmental  Technical 
Applications  lent er  (1973).  .Ail  the  temperatures 
referred  to  in  this  oaoer  were  from  standard 
weather  shelters  it  1.5  to  1.3  n  ioove  ground. 

FROST  DAYS  AND  ICE  DAYS 


For  a  network  of  stations  in  a  given  region 
observations  -ere  obtained  of:  The  mean  oailv 
minimus  temperature,  N,  the  mean  daily  maximum 
temperature,  M,  the  number  nf  frost  days,  F,  and 
the  number  of  ice  davs,  I,  oer  month  and  ?ear. 

From  these  observations,  staple  linear  regression 
models  were  determined  such  that  F  may  be  derived 
from  N  and  I  may  be  derived  from  M  for  any  site 
within  the  specified  region  per  given  interval  of 
time.  Figure  1  gives  examples  of  these  regression 
plots  for  annual  data  for  .Alaska,  E.  Siberia, 
Iceland,  and  Greenland.  Figure  2  contains  similar 
plots  for  aonthlv  data  for  May,  Greenland  and 
April  for  the  ocher  areas.  The  corresponding 
regression  equations  are  of  the  fora: 
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The  parameters  a  and  b  depend  :n  :sc  data: 
They  serve  as  constants  cor  any  aata  sec.  table  1 
lists  values  of  these  constants  for  monthly  and 
annual  data  for  che  above ^regions.  The  coeffi¬ 
cient  of  determination ,  r~,  for  me  various 
equations  (implied  in  table  1)  ranged  from  .50  to 
.39  with  few  exceptions:  .24  for  February,  Green¬ 
land  and  .36  for  March,  S.  Siberia.  (The  value  of 
r"  indicates  the  quality  of  fit  between  ?  and  N  or 
I  and  M:  1.3  ■  excellent  fit,  0  -  no  fit). 

Stations  -were  chosen  in  a  given  area  so  as  to 
represent  as  large  a  range  of  temperature  as 
possible.  Each  pair  of  equations. as  (la)  and  fib) 
is  therefore  applicable  througnouc  the  entire 
area,  with  only  the  parameters  M  and  M  changing 
from  station  to  station. 

The  parameters  (constants)  a  ana  o  mav  -/ary  i 
little  with  the  period  of  record.  If  the  computa¬ 
tions  are  camea  out  for  M  ana  S  m  degrees 
Celsius  (as  for  Table  1),  then  the  value  of  a 
equals  cr  approaches  half  the  number  of  days  per 
given  interval  of  time,  that  is  160-135  days  for 
the  annual  data  or  12-13  days  for  the  monthly 
data.  An  exception  is  for  the  annual  number  of 
frost  cays  for  Greenland,  with  a  -  227.  For  the 
annual  data,  the  absolute  value  of  parameter  b 
appears  to  decrease  with  coacinentality ,  as  from 
20  for  Iceland,  a  maritime  climate,  to  6  for  E. 
Sioena,  a  highly  continental  climate. 

With  respect  to  che  monthly  data,  che  value 
of  a  tends  to  be  closest  to  15  for  the  months  of 
the  transitional  seasons,  the  spring  or  che  fail, 
-nen  diurnal  freeze-thaw  cycles  are  most  frequent 
in  this  latitude  (See  Figure  3).  Usually  che 
colaer  the  month  the  higher  the  value  of  a,  che 
warmer  the  month  che  Lower  che  value  of  a.  Those 
months  for  which  no  constants  are  given  in  Table  I 
are  either  too  warm  (no  ice  days  or  frost  days)  or 
too  cold  (all  days  are  frost  or  ice),  therefore  no 
linear  reiacionsnip.  In  the  computations  of  the 
monthly  data,  che  number  of  frost  (ice  days)  were 
Limited  to  L  <  F( I)  <  (n-1)  where  n  •  total  number 
of  days  per  month. 

A  comparison  between  the  observed  and  the 
estimated  annual  numbers  of  frost  days  or  of  ice 
days  for  :e$c  stations  is  given  in  Table  2. 

Values  of  r-  for  the  quality  of  fit  between  the 
observes  and  estimated  frequencies  were  >.3  for 
ail  cases. 

FREEZE- THAW  DATS 

The  number  of  freeze-thaw  days,  2,  per  given 
interval  of  time,  a  parameter  not  available  in 
climatic  summaries,  may  be  found  by  a  variety  of 
methods,  as  by  direct  counting  (Williams  1364)  or 
by  correlation  with  a!  (Fraser  1959,  Vischer 
1945).  In  the  case  of  just  the  crossover  of  the 
freezing  level,  as  in  this  study,  Z  is  simply  the 
difference  between  che  number  af  frost  days  and 
the  number  of  ice  days,  or 


For  each  area  under  consideration,  the 
individual  ecuacions  for  annual  ?  and  I  were  first 
obtained  by  means  of  cr.e  appropriate  constants  tn 
Table  1.  Then  the  annual  2  may  be  expressed  as 
follows: 
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A  comparison  between  the  observed  and  the 
estimated  annual  Z  (Taole  2)  a nows  somewnat 
greater  discrepancies  than  in  the  cases  of  F  and 
I,  the  factors  on  which  2  deoenas.  Values  of  r"  , 
wmcn  indicate  the  quality  of  fit  oe tween 
estimated  Z  and  observed  Z  range  from  .60  to  .76 
compared  to^>  .30  for  ?  and  I  '.exceot  for  Iceland 
for  wnicn  r“  was  .34). 

Equation  (2d)  implies  that  2  may  be  corre¬ 
lated  directly  with  ( M-N)  or  iT  for  i.  Siberia. 
Fraser  (1959)  found  a  similar  reiacionsnip  for 
lanada,  although  the  cycles  he  investigated  were 
for  a  larger  temperature  span,  -2°  to  1°  2,  rather 
than  just  across  the  freezing  level. 

STATION  MODELS  OF  DIURNAL  FREEZE- THAw  TITLES 

Station  models  of  percent  cays  per  month  with 
diurnal  freeze-thaw  cycles  from  January  to 
December  are  given  for  selected  stations  in 
Greenland,  Alaska,  Iceland,  the  U.S.S.R,  and  -esc 
Germany  (See  Figure  3).  For  most  of  the  high- 
lacitude  stations,  especially  those  close  to  the 
Arctic  Circle,  che  peak  incidence  of  diurnal 
freeze-thaw  cycles  occurs  during  the  transitional 
seasons  of  spring  and  fall.  The  stations  are 
arranged  so  as  zo  shew  a  gradual  change  in  pattern 
from  an  extremely  cold  climate  as  3arrowt  Nord,  or 
Polar  Station  where  diurnal  freeze-thaw  cycles 
prevail  only  in  summer  to  the  relatively  warm 
stations  of  .Annette  or  Vladivostok,  -which  have 
relatively  long  summers  -with  no  freezing  and  the 
pea*  freauecies  of  freeze-thaw  cycles  in  the 
•winter.  The  West  German  Stations  from  Zugspitze 
(2962  a)  to  Munich  (532  a)  reflect  the  effect  of 
altitude  on  the  incidence  of  diurnal  freeze-thaw 
cycles.  The  station  model  for  Zugspitze  is 
somewhat  similar  to  that  for  3arrow  (or  Polar 
Station).  The  plots  for  the  Icelandic  stations 
resemble  that  of  Fichcelberg  (or  3rocken).  At 
Vladivostok,  despite  the  low  latitude,  Januarv  and 
December  are  too  cold  for  freeze-thaw,  whereas  in 
Iceland,  freeze-thaw  occurs  all  winter. 


TABLE  1  Cooi canes  a  and  b  for  Monthly  and  Annual 
Regression  Equations 


F  -  aL 

♦  b^N 

1  "  a2 

+  b2M 

*1 

bl 

a2 

b2 

ICELAND 

JAN 

19.4 

-1.6 

15.6 

-1.4 

5TB 

16.7 

-1.3 

14.2 

-2.2 

MAR 

17.4 

-1.4 

16.0 

-2.1 

APR 

15.8 

-2.1 

15.9 

-2.3 

MAY 

15.6 

-2.6 

9.7 

-1.0 

JUN 

11.5 

-L.7 

SEP 

12.0 

-1.8 

ccr 

16.1 

-3.0 

13.9 

-2.1 

MOV 

14.9 

-L.3 

14.1 

-2.2 

DEC 

20.1 

-1.2 

15.9 

-2.1 

AWN 

176 

-20.2 

180 

-17.9 

ALASKA 

JAN 

21.1 

H3 .6 

13.8 

-1.4 

FEB 

19.3 

-0.7 

11.9 

-1.3 

MAR 

20.2 

-0.9 

12.4 

-L.9 

APR 

14.9 

-1.8 

13.3 

-1.4 

MAY 

14.4 

-3.1 

SEP 

15.3 

-2.6 

OCT 

14.0 

-1.8 

15.8 

-2.1 

MOV 

15.9 

-1.3 

12.5 

-1.5 

DEC 

20.7 

-0.7 

13.0 

-1.1 

ANN 

159 

-9.7 

166 

-13.8 

GREENLAND 

JAN 

23.5 

-0.4 

FEB 

17.0 

-0.6 

MAR 

18.4 

-0.8 

APR 

14.6 

-1.5 

MAY 

21.1 

-1.4 

JTJN 

16.3 

-2.7 

JUL 

7.5 

-1.4 

SEP 

14.3 

-2.5 

OCT 

16.2 

-2.8 

NOV 

18.7 

-1.3 

DEC 

21.2 

-0.7 

ANN 

227 

-5.3 

168 

-12.4 

E.  SIBERIA 

MAR 

16.8 

-i  .5 

APR 

14.3 

-1.7 

MAY 

15.1 

-1.9 

14.6 

-i .  7 

0C7 

14.7 

-1.9 

15.2 

-1.5 

NOV 

16.6 

-2.1 

ANN 

183 

-5.6 

167 

-6.1 
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'ABLE 


Estimated  and  Observed  Annual  lumbers  or  Frost  Days,  Ice  Days,  and  Freeze-Thaw  Days: 


Estimated  Number  Observed  Numoer 


Station 

Air 

Temp 

Or 

Temp 

Range 

AT°C 

Fros 

Days 

E.  Siberia 

0.  Chetyrekhscolbovoy 

-13 .6 

5.0 

269 

Dzhardzhan 

-12. 5 

7 .2 

259 

Zyryanka 

-LI  .4 

3.3 

266 

Cst  Yvaoma 

-9.2 

11.7 

265 

Guga 

-3.6 

17.2 

247 

Nogiiki 

-2.0 

10.5 

219 

Sukhanovka 

-0 . 6 

10.0 

210 

?oronaysk 

0J0 

3.3 

204 

Drossericni 

1.2 

7.7 

194 

OoiinsK 

2.3 

9.9 

194 

Sarycnevo 

2.5 

5.0 

179 

3uknta  Freoorazneniya 

c,  *» 

10.5 

135 

Alaska 

darter  Is. 

-12.2 

5.9 

310 

Summit  4 SC 

-3.9 

3.2 

239 

Fairbanks 

-3.6 

11.4 

252 

Gamoeli  Is. 

-3.4 

5.6 

221 

Aniak 

-2.2 

9.5 

223 

Nance* 

1.5 

3.6 

137 

.Anchorage 

1.6 

9.2 

139 

Cordova 

3.1 

3.6 

171 

Seward 

4.0 

6.6 

152 

Sitka 

5.7 

7.3 

139 

Greenland 

Thule 

-Li.i 

3.4 

342 

(Jpe  rnavik 

-7.3 

6.7 

292 

Jaxooshavn 

-4.5 

6.7 

264 

Umanak 

-2.3 

5.6 

242 

Godthaab 

-0.9 

6.1 

225 

Ivgtut 

0.3 

7.2 

214 

Narssag 

1.7 

6.7 

203 

Iceland 

Modhrudaiur 

0.0 

6.6 

243 

Raufarhofn 

2.5 

3.3 

164 

31onduos 

3.4 

4.5 

155 

Egilsscaohir 

3.4 

6.7 

176 

Saudharkroxur 

3.6 

5.0 

154 

Akureyri 

3.9 

5.6 

154 

Haeii 

4.2 

6.1 

154 

Lof tsalir 

5-9 

3.9 

97 

Another  sec  of  station  models  is  shown  In 
Figure  4.  This  time  the  abscissa  is  the  mean 
monthly  temperature,  however,  the  ordinate  Is  the 
same  as  chat  of  Figure  3,  namely  the  average  per¬ 
cent  davs  oer  month  with  freeze-chaw.  In  general, 
for  a  given  station  the  daily  freeze-chaw  cycles 
per  month  tend  to  Increase  as  the  mean  monthly 
temperature  approaches  0°  C.  The  frequencies  per 
given  temperature  vary  from  one  station  to 
another.  Nevertheless,  certain  of  the  models  may 
sometimes  serve  seve  il  stations  or  groups  of 
stations. 

In  particular  each  model  shows  the  tempera¬ 
ture  limits  for  its  freeze-thaw  regime.  These 
limits,  as  well  as  the  peek  amplitudes ,  are 
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climate  dependent. 

Station  models  of  this  type  have  also  been 
obtained  for  numerous  ocher  stations  in  the  high 
and  aid-Lacitudes .  A  few  of  these  models,  as  veil 
as  an  equation  which  approximates  the  manual  plots 
in  Figure  4,  been  given  previously  (Wexler 
1982).  See  Appendix  for  the  equation.  For  a 
highly  continental  station,  as  Verkhoyansk  (not 
shown),  the  freeze-chaw  temperature  regime  extends 
from  about  -H.6  to  -16°  C  with  an  amplitude  of 
about  68X  at  about  Q3  C.  Most  stations  in  Iceland 
have  an  amplitude  of  about  40X  to  50X  with  a 
positive  temperature  range  of  about  10°  C.  Cold 
Bay,  Kodiak,  and  Annette  in  Alaska  have  freeze- 
chaw  regimes  similar  to  stations  in  Iceland.  On 
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zbm  ocher  hand,  interior  stations  in  Alaska  have 
such  higher  amplitudes,  aoouc  70Z  co  SOX  u  Fair¬ 
banks,  .McCrsch,  and  Gulkans,  with  ttaperacure 
ranges  from  12°  C  to  -16°  C.  For  a  number  or 
station*  la  Greenland  che  plots  (not  given)  show 
suca  greater  irregularities  of  pattern  chan  for 
Iceland  or  Alaska,  ?o«albly  because  of  che 
ralacivaiy  short  periods  of  records. 

SUMMARY 

Several  mathematical  and  graphical  aodels 
were  presented  for  estimating  che  frequencies  of 
frost  days,  ice  days,  and  f rente- thaw  days  per 
month  or  year  for  stations  in  Alaska,  S.  Siberia, 
Iceland,  and  Greenland.  Once  linear  regression 
equations  are  determined  for  che  derivation  of 
froat  days  ana  ice  davs,  respectively,  per  given 
situation,  these  equations  ire  chen  applicable  to 
any  sice  within  the  area,  given  only  M  and  Jf  for 
cne  site.  The  frequencies  of  diurnal  freeze-thaw 
cycles  then  say  be  readily  obtained  froei  che 
difference  between  che  frequendss  of  che  frost 
cays  and  che  ice  days.  The  results  show  that 
usually  diurnal  freeze-chaw  cylea  aay  not  oe 
ce rived  from  aean  temperatures  alone:  Essential 
oaraoeters  are  che  aean  daily  minimum  and  asan 
daily  am—  ceaperatures.  The  latter  yield 
definitive  information  concerning  frost  days,  ice 
iays,  and  frieze— thaw  days. 

Two  c-rpea  of  station  aodels  were  provided, 
che  first  che  conventional  annual  cycle  of  aoneniy 
freeze-cnav  and  che  second,  che  urns  data  plotted 
per  aean  soncftly  cemperacure.  Although  :he  aodels 
tend  co  Co  distinctive,  each  depending  on  latitude 
( solar  elevation),  altitude,  concinencalicy ,  and 
local  conditions  nevertheless  certain  of  che 
node  is  aay  be  used  co  rsp  resent  groups  of 
s cations. 

Despite  the  differences  among  che  areas,  an 
inearesclng  feature  of  this  study  is  the  apparent 
oniversicality  of  the  Linear.  '  The  annual  a— bar 
of  frost  (ice)  days  ranged  roughly  from  about  130 
co  100  ‘within  the  aim—  (maximum)  temperature 
range  of  -5°  to  ^5°  C.  All  che  days  of  che  aonth 
were  usually  below  freezing  if  the  seen  aaxisum 
cemperacure  was  <  -6°  C  and  above  freezing  if  the 
aean  saniawm  tsaoerscure  was  >  6°  C.  Usually  che 
nuaoer  of  frost  (ice)  days  associated  with  3°  C 
was  equal  to  apouc  half  che  number  of  days  per 
given  interval  of  elm. 
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APPEND  El 

An  equation  which  roughly  approximates  che 

annual  plots  in  Figure  *  is  given  by: 

a  sin  (3) 

Z  days  per  aonth  with  freeze— thaw 

amplitude  of  curve  (peak  Z  monthly 
freeze-chaw) 

1.57  (T  -  P)/b 

temperature  at  peak  I  (usually  3°C) . 


where  y 
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•  temperature  at  which  freeze-chaw  is 
nil  ■  cut-off  temperature. 
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i  *  departure  from  3°  C  and  sues ti cute  T-d  for  T. 
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